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1Performance Analysis Of Hybrid
Metal-Graphene Frequency Reconfigurable
Antennas In The Microwave Regime
Christian Nn˜ez Alvarez, Member, IEEE, Rebecca Cheung, Senior Member, IEEE, and John S.
Thompson, Fellow, IEEE
Abstract—This paper analyses the potential application
of graphene in microwave frequency reconfigurable anten-
nas. Two multi-band designs, one for wireless local area
networks (WIFI), covering the frequency bands of 2.4 GHz,
3.6 GHz and 5 GHz; and another for the cellular long term
evolution (LTE) system, operating the frequency bands of
1.8 GHz, 2.5 GHz, 2.6 GHz and 3.6 GHz; are evaluated
to demonstrate the working principle and the performance
trade-offs. The designs are made mostly of copper with
some parts made of graphene to enable reconfigurable
behaviour. The graphene material’s surface impedance is
tuned by applying a DC bias voltage which allows to obtain
one of two extreme values that emulate the ON and OFF
states of common switches such as Micro Electromechanical
Switches (MEMS), Field effect transistor (FET) and P-
type Insulator N-type (PIN) diode, or continuous values to
mimic reconfigurable antennas loaded by varactors. This
material switching modifies the electrical length of the
current propagating through the antenna and consequently
switches the resonant frequencies. Additionally, results
show that hybrid metal-graphene frequency reconfigurable
antennas can, at the same time, provide tunable bandwidth
and antenna matching.
Index Terms—Microstrip antennas, microwave antennas,
multifrequency antennas, switching frequency.
I. INTRODUCTION
Future wireless devices will incorporate multiple wire-
less services operating over a wide frequency spectrum
such as 3rd (3G) and 4th (4G) mobile generation and
beyond at 700-800 MHz, 1.8-2.6 GHz and 3.6 GHz;
wireless fidelity (WIFI) at 2.4 GHz, 3.6 GHz and 5 GHz.
In order to shrink a multi-radio transmitting system,
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antenna reconfiguration provides an option to integrate
multiple radiating elements at different frequencies into
a single physical antenna, and hence, save space.
A reconfigurable antenna is designed in a manner that
it is possible to manually or automatically (via software)
change its resonant frequency, operational bandwidth,
radiation pattern, and/or polarization to adapt to different
services, system requirements and the environment. This
is most commonly done with Micro or Nano Electrome-
chanical systems (MEMS or NEMS) [1], [2], electrical
RF switches such as Metal Semiconductor Field Effect
Transistor (MESFET) and Pseudomorphic High Electron
Mobility transistor (PHEMT) [3], [4], diode-based tech-
nology such as the P-type Insulator N-type diode (PIN
diode) [5], [6], varactors [7], [8] or tunable materials
[9]; via applying a mechanical, electrical, magnetic, light
or thermal bias [10]. Alternatively, the tunable surface
impedance of graphene can also be used as tunable
material in reconfigurable antennas.
Graphene is a flat mono-atomic layer of Carbon atoms
distributed in a two-dimensional honeycomb-like lattice
[11]. In addition, an unbiased pristine single layer of
graphene (SLG) only absorbs 2.3% [12] of visible light
and supports breaking forces of up to 42 N/m with a
Young’s modulus of 1 TPa and an intrinsic strength of
130 GPa [13] while also being extremely light (0.77
mg/m2). As a result, a reconfigurable antenna made of
graphene could also be transparent, flexible and light
weight. Importantly, the admittance of graphene can be
tuned by applying an electrostatic field perpendicular to
the graphene layer, or in other words, by applying a DC
voltage bias, and hence, high and low impedances can be
set to mimic the ON and OFF states found in switches.
This effect is used in the present paper to affect the
currents propagating in the antenna, and consequently,
change the resonant frequency. However, graphene is not
only an alternative option to a conventional RF switch,
it can be used for fabricating the radiating antenna itself.
Graphene reconfigurable antennas are being mostly
studied for infra-red and THz frequencies as graphene
can significantly reduce size and provide high antenna
reconfigurability at such frequencies [14]–[21]. In [22],
the authors studied the performance of wearable antennas
made of graphene ink from 1 GHz to 5 GHz. The res-
onant frequency, bandwidth and gain of the antennas in
their study were slightly affected by bending and twist-
ing. The proposed antennas in this paper might produce
enough reconfigurability to compensate for these effects
observed in the graphene ink case. Since antennas fully
made of graphene are expected to have low antenna ef-
ficiencies with very little reconfigurability at microwave
frequencies [15], [23], the antenna designs proposed
here are hybrid metal-graphene frequency reconfigurable
antennas where the impact of the high ohmic losses of
graphene is reduced while providing substantial antenna
reconfigurability. In [24], the concept and analysis of
hybrid metal-graphene antennas were introduced for THz
frequencies. However, as large area samples of graphene
grown by chemical vapour deposition (CVD) have been
successfully synthesised [25], this paper carries out
a feasibility study of using this novel material as a
potential solution for hybrid metal-graphene antennas
in the microwave regime. An early work containing
similar designs had been presented in [26]. In this
paper, a deeper and more detailed analysis on related
hybrid metal-graphene frequency reconfigurable antenna
designs is presented.
The novel contributions of this paper can be summa-
rized as follows:
• Analyse and simulate two possible hybrid metal-
graphene reconfigurable antenna designs to cover
WIFI (2.4 GHz, 3.6 GHz and 5 GHz) and LTE (1.8
GHz , 2.1 GHz , 2.6 GHz and 3.6 GHz) frequency
bands.
• Present the advantages and disadvantages of using
graphene in reconfigurable antennas at microwave
frequencies as well as system limitations such as the
selection of suitable dielectric-semiconductor layers
for the DC voltage bias and the power consumption.
The paper is structured as follows, sections II and III
will introduce the admittance of graphene and system
limitations, then, section IV will define the proposed
antenna designs and the system set up. Afterwards, the
simulation results are presented and discussed in section
V. Finally, section VI will finish the paper with key
conclusions.
II. ADMITTANCE PROPERTIES OF GRAPHENE
For the range of frequencies considered in this paper
and in the absence of magnetic field B, the graphene’s
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Fig. 1: Example of an electric field effect structure added
to a patch antenna.
dynamic, or alternating current (AC), surface admittance
σAC can be evaluated in a Kubo-like form in equation
(1) [27], [28]
σAC ≈ −jq
2kBT
pi~2(ω − jτ−1t )
(
µc
kBT
+ 2ln(e−
µc
kBT + 1)
)
,
(1)
where ω is the angular frequency 2pif (rad/s), f is the
operating frequency (Hz), µc is the chemical potential
(J), τt is the relaxation time (s) which is assumed to be
independent of the energy ζ [28], T is the temperature
(K), q is the elementary charge (C), ~ is the reduced
Planck’s constant (Js) and kB is the Boltzmann constant
(J/K). In graphene, the chemical potential µc is related
to the carrier density n (m−2) as shown in equation (2)
[11], [29]
µc ' ~vf
√
npi, (2)
where vf = 1 × 106 is the Fermi velocity (m/s) in
graphene. The value of n can be dynamically modified
via the electric field effect shown in Fig. 1, where a direct
current (DC) voltage is applied between a graphene
sheet and a heavily doped semiconductor to induce an
increment or decrement of the number of charge carriers
n in the graphene sheet. In this paper, this electric field
effect structure is integrated on the antenna substrate.
The change of n follows equation (3) [29], [30]
n =
oVb
dq
, (3)
where o is the vacuum permittivity (F/m), Vb is the
DC voltage bias (V), d is the thickness (m) and  is
the relative permittivity of the dielectric separating the
graphene sheet and the back gate material (a p or n
doped semiconductor).
The total relaxation time τt in equation (1) depends
on different scattering mechanisms at different carrier
densities and temperatures [11], [31]. The Matthiessen
rule, equation (4), determines the overall relaxation time
τt for any carrier density n and temperature T [29],
2
1
τt
'
(
1
τL
)
+
(
1
τS
)
, (4)
where τL is due to long range scattering mechanisms
such as defects and inpurities, and τS is due to short
range scattering mechanisms such as phonon and carrier-
carrier interactions.
Finally, at room temperature (295 K), the mini-
mum achievable chemical potential µmin is limited by
electron-hole puddles caused by charged impurities [32]
and can be calculated as follows
ζpuddle ' µc,min ' ~vf
√
pin˜, (5)
where n˜ is the carrier density variations - carrier
inhomogeneity density - caused by the electron-hole
puddles (m−2) which forces the minimum carrier density
n to be greater than or equal to this value nmin ≥ n˜.
III. SYSTEM LIMITATIONS
In this section, three critical issues are discussed
related to the implementation of graphene, and the
field-effect structure, in antennas for frequency recon-
figurability. In subsection III-A, there is a discussion of
the trade-offs between suspending graphene on air or
depositing it on a dielectric/substrate, see Fig. 1, and in
case of depositing graphene on a substrate, to select a
suitable dielectric/substrate material that could provide
the best performance. Afterwards, a brief analysis of the
effect of adding the heavily doped semiconductor to the
antenna structure is found in subsection III-B. Finally,
the instantaneous power consumption expression, when
a graphene sheet is switched between large or small
surface impedances Zs=σ−1AC , is derived in subsection
III-C. These points are important for supporting later the
selection of the parameters in section IV as well as the
power consumed by the proposed antennas in section V.
A. SUSPEND GRAPHENE IN AIR OR DEPOSIT IT ON
A SUBSTRATE?
Suspending graphene in air provides better perfor-
mance than over substrates [33]. However, large electric
fields and narrow distances d between the gate semi-
conductor and graphene sheet, see Fig. 1, are needed
to induce high carrier density n values with reasonably
low voltages Vb values. This might not be possible to
achieve for suspended graphene without compromising
its structural integrity [13], [33]. Consequently, only
graphene laid on a substrate acting as a dielectric (Fig.
1) is considered from now on.
Recently, CVD grown graphene has also been success-
fully transferred to hexagonal boron nitride (hBN) sub-
strates providing qualities close to exfoliated graphene
and mobilities similar to suspended graphene [34].
Therefore, in this paper, it is assumed that a large area of
graphene sheet could be deposited onto hBN substrates
following, for instance, the dry method described in [34]
in the near future.
B. DOPED SEMICONDUCTOR EFFECT
Heavily doped semiconductors can potentially provide
reasonably good values of conductivity, specially in the
microwave regime. From the general Drude’s formula of
conductivity, the conductivity of a doped semiconductor
σDS (S/m) is
σDS = nDSqµDS , (6)
where q is the electron charge (C), nDS (m−3) and
µDS (m2/Vs) are the free carrier density and mobility
of the doped semiconductor respectively. Therefore, by
substantially raising the free carrier density nDS (as-
suming the electron mobility µDS is kept the same)
the conductivity of the doped semiconductor is also
highly increased. To compensate this effect, a low carrier
mobility µDS should be selected. As shown later in this
paper in Table II, the number of free carrier densities
needed in graphene are nON=5·1017 m−2 for the ON
state and nOFF=6·1014 m−2 for the OFF state. Con-
sequently, the required free carrier density nDS in the
doped semiconductor can be obtained as
nDS ≥ (nON − nOFF )
tDS
, (7)
where tDS (m) is the thickness of the doped semicon-
ductor layer. Note that, to reach this relation, the length l
(m) and the width w (m) of both, the graphene layer and
the doped semiconductor, are assumed to be the same.
From equations (6) and (7), the total resistance of the
doped semiconductor RDS can be calculated as
RDS ≤ (σDC)−1 l
wtDS
=
l
(nON − nOFF )wqµDS .
(8)
For the size of the graphene sheets considered in this
paper, see Tables III and IV, and to obtain resistances
RDS on the order of kΩ or larger, the required electron
mobility should be µDS ≤0.02 m2/Vs. Heavily doped
silicon carbride (SiC) [35] or hydrogenated amorphous
silicon (a-Si:H) [36] can meet these requirements and
be used as heavily doped semiconductors in Fig. 1
without a noticable impact on the antenna performance.
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Alternatively, the graphene layer could be self-biased.
In [37], the authors produced a field-effect structure
composed by two doped graphene monolayers at THz
frequencies. There, the authors applied one or two dif-
ferent DC voltage bias levels to control independently the
surface impedance of each of the doped graphene layers.
Applying a similar procedure here but at microwave
frequencies would allow one to substitute the doped
semicondcutor in Fig. 1 for a doped graphene layer. It is
important that this second graphene layer should present
low quality (low electron mobility) and hence reduce
undesired effects on the antenna performance.
C. DC INSTANTANEOUS POWER IN BIASED
GRAPHENE
Finally, another important system limitation is set
by the power consumed. In the field effect configura-
tion, Fig. 1, the graphene sheet and the heavily doped
semiconductor might be modelled as a parallel plate
capacitor. The capacitance C (F) created is defined as
C =
oA
d
, (9)
where A is the area of the graphene sheet and the
doped semiconductor (l × w, assumed to be the same)
(m2). Hence, the resulting capacitance C is dictated, in
one hand, by the parameters  and d in equation (3) as
low Vb values are desired, and on the other hand, by
the dimensions of the graphene sheets used. Although
the DC power consumption in capacitors is negligible
due to electrical isolation, there is still movement of
induced charges between the plates every time the DC
bias voltage Vb is changed. This movement of charges
creates a temporary current that charges the capacitor and
therefore power is dissipated in any resistance present
in the circuit. The peak power is the dynamic power
(W) consumed by the circuit at t=0 and depends on the
transitional current and the voltage on the resistance R
present in the circuit - iR(t) and vR(t) - as equation (10)
shows
p(t) = vR(t)iR(t) =
V 2b
R
e
−2t
τRC
∣∣∣∣
t=0
=
n2q2dA
oτRC
. (10)
where τRC = RC and Vb is obtained from equation
(3). This is the maximum power that the circuit might
consume at the instant of changing the value of Vb. As
observed, a fast switching time causes a large current
in the system and more power is consumed during
a short amount of time. In contrast, a longer waiting
time reduces the maximum power consumed during the
charging-discharging time. The value at Ppeak can be
further decreased by using a larger  or reducing the
thickness d of the dielectric. This would additionally
reduce the required Vb. However, these parameters are
not easily modified as  depends on the properties of the
target dielectric substrate and d on current technology
constraints.
IV. PROPOSED ANTENNA DESIGNS
In order to demonstrate the use of graphene in fre-
quency reconfigurable antennas, two main designs are
studied:
• A rectangular microstrip antenna with extensions
made of graphene added at the edges, Fig. 2a.
• A rectangular microstrip antenna with inserted
strips made of graphene, Fig. 2b.
The first design (Fig. 2a) aims to increase or decrease
the physical length of the structure in the ON or OFF
state respectively, while the second one (Fig. 2b) diverts
the current propagating along the antenna so the effective
length is larger or shorter than the physical length in
the OFF or ON state respectively. The DC voltage bias
(Vb) could be applied directly through the feeding port
if a common value of Vb is desired for all the graphene
extensions/strips so that it activates and deactivates them
all at the same time. That would save the necessity of
adding a DC bias circuit. However, inserting a gap be-
tween the main patch and the extensions/strips provides a
solution to avoid a common DC bias voltage throughout
the antenna and allows individual control to activate
and deactivate single extensions/strips. Consequently,
different DC voltage bias (i.e. V b1 and V b2) should
be applied through individual DC vias lines to each of
the required graphene sheets. Figs. 2a and 2c include an
example of how the DC vias lines can be implemented.
Note that both the DC vias lines in Fig. 2a and the field-
effect structure in Fig. 2c have not been included in the
simulations due to their extremely small thicknesses (in
the nanometre scale). The values of ZsON , ZsOFF and
the general set up values for the simulations are defined
next.
A. ELECTRIC FIELD EFFECT CONFIGURATION
For the values shown in Table I, it is firstly assumed
that the time between switching from one operating
frequency to another does not have to be fast (on the
order of 1 millisecond). This is within a reasonable
assumption considering handover interruption times in
LTE-advanced (60 ms) [38]. The switching time is
defined as the time needed for the voltage between
the graphene sheet and the semiconductor to rise from
50% of the final value to the 90% [10]. Secondly, the
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Fig. 2: Graphical representation of the frequency re-
configurable antennas for a) WIFI applications, b) LTE
applications and c) zoomed view of the tuning structure
for WIFI design (x-z plane) in a).
thickness d of the dielectric can be reduced up to a few
TABLE I: Selected general parameters
τRC [ms] 1
Switching time [ms] 1.6
d [nm] 10
 for hBN 4
nanometres which is technologically available nowadays
[39]. Finally, the  for hBN is obtained from [39].
B. SIMULATED ZsON AND ZsOFF VALUES
In order to obtain practical values of the ON and OFF
state surface impedances ZsON and ZsOFF , realistic
values of τS , τL and n˜ are needed. Additionally, a
high OFF/ON ratio (ZsOFF /ZsON ) is also desired. The
values of surface impedance for the ON and OFF states,
ZsON and ZsOFF respectively, in Table II are obtained
from equation (11),
Zs ≈ jpi~
2(2pif(τLτS)− j(τL + τS))
q2(τLτS)[µc + 2kBT ln(e
− µckBT + 1)]
, (11)
where τL accounts for all the long range scattering
effects and can be calculated as [11], [30], [40]
τL =
µLm∗
q
' µL~
√
npi
qvf
, (12)
where µL is the electron mobility (m2/Vs) and m∗ is
the carrier mass (Kg) in graphene. Note that equation
(11) is a modified version of equation (1) to account for
the relaxation time given in equation (4). The value of τS
is calculated as in equation (13) by just considering the
LA phonon contribution, considered in this paper to be
the dominant scattering mechanism at room temperature
[31], [41], [42],
τS =
µp~
√
npi
qvf
=
4~2ρmv2phvf√
npiD2kBT
, (13)
where D is the deformation potential (eV), ρm =
7.6 × 10−7 is the two dimensional mass density of
graphene (Kg/m2) and vph = 2.1 × 104 is the sound
velocity of LA phonons in graphene (m/s). The precise
deformation potential D value is still discussed, but some
experimental values have been obtained in the literature
and D ∼18 eV seems to be a common and accepted
value for graphene over a substrate [31]. However, it
might theoretically have a large range of possible values
between 4 eV and 30 eV as found in graphite and carbon
nanotube materials [43]. The value of µc is directly
obtained by substituting equation (2) into equation (3).
The ZsON value is found by increasing the charge
carrier density n until saturation is reached as LA
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TABLE II: Selected surface impedance Zs values
Set 1 2
State ON OFF ON OFF
n [m−2] 5·1017 6·1014 5·1017 6·1014
Vb [V] 22.72 ∼0 22.72 ∼0
µL [m2/Vs] 2.7 2.7
D [eV] 4 18
T [K] 295 295
Zs [Ω/] 6 + j0.3 2580 + j6 34 + j0.3 2580 + j6
phonon scattering becomes dominant and at the same
time the voltage Vb is not too high (22.7 V). On
the other hand, the value for ZsOFF is obtained by
setting the minimum achievable chemical potential equal
to the energy of the electron-hole puddles (µc,min =
ζpuddle) - equation (5). The carrier inhomogeneity den-
sity n˜=6×1014 m−2 is obtained from [34]. The value
of µL is also extracted from reference [34]. Vb values
are calculated using equation (3) by considering selected
values of  and d in Table I, and n values in Table
II. Although the resulting Vb values might be too large
for implementation in low voltage devices, e.g. mobile
phones, the values can be reduced in the future by using
thinner dielectrics with higher relative permittivity or
ion-gels once the technology is available. For example,
in [44] the authors used ion-gel substrates to achieve
large changes in the charge carrier density - between
n ≈3×1016 m−2 and n ≈2.65×1017 m−2 - by only
applying a difference in voltage bias Vb of 1.53 V thanks
to the high capacitance density of the ion-gel. Likewise,
in [45] the authors achieved charge carrier densities of
up to n ≈1×1018 m−2 for voltage bias values of only
5 V. The charge carrier density values obtained in [44],
[45] are very similar to the ones needed in this paper, and
hence, with ion-gel substrate, the required voltage bias
values could be substantially reduced. However, ion-gels
have not been considered in this paper because currently
very low values of carrier mobility µL ≈0.0075 - 0.08
m2/Vs have been obtained [44]–[48]. For the OFF state,
the resulting Vb values are near 0 V due to having very
low inhomogeneity density n˜.
Finally, for all the scenarios evaluated in Section V
the antenna substrate selected is Polystyrene (PS) with
r=2.4 and tanδ=0.0002 [49]. The antenna substrate
thickness (H) is set to 2.1 mm as the space available in
mobile devices is very limited. In the next section, the
proposed antenna designs are simulated and analysed.
V. RESULTS
The results here are obtained from the transient solver
(time domain solver) in the CST Microwave Studio
2015. The graphene sheets have been defined as solid
TABLE III: Set up parameters for WIFI scenario, see
Fig. 2a
Lmain
[mm]
W
[mm]
Lleft
[mm]
Lright
[mm]
X
[mm]
Y
[mm]
23 14.7 5 7.3 5.5 2
Fig. 3: Reflection coefficient for the WIFI design with
the extensions activated (dotted line) and with the exten-
sions deactivated (solid line).
sheets with thickness equal to zero and simulated as
ohmic sheet surface impedances. The excitation is a
discrete port with 50 Ω port impedance. The efficiencies
calculated from CST follow equation (14);
ηt =
(
Prad
Psim
)
× 100 (14)
where ηt is the total antenna efficiency (%), Prad is the
power being radiated by the antenna (W) and Psim=0.5
W is the power generated by the excitation signal.
A. WIFI SCENARIO
The following scenario evaluates the first design to
cover three bands in WIFI (2.4 GHz, 3.6 GHz and 5
GHz), see Fig. 2a. The extensions are activated and
deactivated to change the resonant frequencies between
2.4 GHz and 3.6 GHz. In this scenario, the TM110 mode
is used as the antenna is fed in a corner which allows an
extra resonance at 5 GHz by adjusting the width of the
main patch W . See Table III for the antenna dimensions.
Fig. 3 provides the reflection coefficient (S11) param-
eters for the WIFI scenario. When the extensions are de-
activated (OFF state), the resonant frequencies are found
at 3.6 GHz and 5 GHz. On the other hand, when the
extensions are activated (ON state), the lower resonant
frequency changes from 3.6 GHz to 2.4 GHz. Thus the
activation and deactivation of the extensions is required
to switch between these two resonant frequencies.
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(a)
(b)
Fig. 4: Surface current density on the WIFI antenna at
(a) 2.4 GHz and (b) 3.6 GHz.
In order to confirm that the activation/deactivation
of the graphene extensions do change the antenna be-
haviour, Fig. 4 provides the surface current distribution
along the main patch and the graphene extensions for
frequencies 2.4 GHz and 3.6 GHz, when the graphene
extensions are either activated or deactivated respec-
tively. As expected, when the graphene extensions are
on the OFF state - at 3.6 GHz, little current is allowed
to propagate along the extensions. In contrast, when the
graphene extensions are in the ON state - at 2.4 GHz,
substantially more current is able to propagate along
the extensions and contribute to the electromagnetic
radiation. This effectively changes the resonant length
of the antenna and hence its resonant frequency.
Fig. 5 shows the radiation patterns at 2.4 GHz and 3.6
GHz, when the graphene extensions are activated and
deactivated respectively. As observed, all the radiation
patterns are similar in shape and close to the charac-
teristics for a typical square patch antenna, showing that
the graphene extensions have little effect on the shape of
the radiation pattern. The results for the surface current
and radiation pattern at 5 GHz are not included here,
however, the same conclusions apply at that frequency.
The obtained antenna gains are -3.4 dB, 1.3 dB and 5.2
(a) E Plane (x-z plane) (b) H plane (y-z plane)
(c) E Plane (x-z plane) (d) H plane (y-z plane)
Fig. 5: Radiation patterns of the WIFI antenna at (a)-(b)
2.4 GHz and (c)-(d) 3.6 GHz.
Fig. 6: Antenna efficiencies of the WIFI design.
dB at 2.4 GHz, 3.6 GHz and 5 GHz respectively.
The antenna efficiencies extracted from the WIFI
design are summarized in Fig. 6. The antenna efficiencies
ηt show that when the antenna radiates at 2.6 GHz, ηt is
lower than at any of the other two frequencies because
of the graphene extensions attenuating the currents that
contribute to radiation at that frequency. The power lost
on graphene is about 337 mW which is a 67% of the
total loss. When the graphene extensions are deactivated,
in theory, the presence of the graphene extensions should
affect equally at 3.6 GHz and 5 GHz, but their respective
antenna efficiencies are not the same. An explanation
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might be that at 3.6 GHz, the graphene sheet must
stop as much as possible any current propagating to the
extensions. The better the graphene extensions achieve
that, the less power is lost in graphene and the more is
radiated. On the contrary, at 5 GHz whether currents are
attenuated or not does not strongly affect the antenna
efficiency but the antenna matching at that frequency,
see Fig. 3. In general, it is demonstrated that the WIFI
design proposed here is able to cover the target bands
but the antenna efficiency at 2.4 GHz might be too low.
To demonstrate the impact of the surface impedance
on the ON state (2.4 GHz), the same antenna is evaluated
but now ZsON=6+j0.3 Ω/ (set 1 in Table II) instead
of ZsON=34+j0.3 Ω/ (set 2 in Table II) by assuming
that the deformation potential D is improved from D=18
eV to D=4 eV. The resulting value of ηt changes from
9.4% to 35.5% as the the power lost in graphene has
been reduced from 337 mW to 253 mW at 2.4 GHz. This
shows how important is to reduce the graphene surface
impedance for the ON state ZsON in order to have
reasonable antenna efficiencies. Unfortunately, the lower
limit of ZsON depends on the deformation potential
D which is yet not fully determined from experimental
studies, and consequently, variations when defining this
parameter strongly affects the final performance. Alter-
natively, a similar improvement would be achieved if
the charge carrier mobility µL is increased by improving
the fabrication, the transfer process and the use of even
better dielectrics which graphene can be deposited on. In
that case, both surface impedances, ZsON and ZsOFF ,
would decrease. However, reducing the OFF state surface
impedance would cause a lower antenna efficiency in the
OFF state, which highlights the importance of achieving
a high ratio difference between the surface impedances
of the ON and OFF states.
1) TUNABLE BANDWIDTH AND ANTENNA
MATCHING: Here, the antenna matching and
operational bandwidth is studied when different
surface resistances Rs are selected. Note that by
changing the Rs, the surface reactance Xs of the
surface impedance - Zs = Rs + jXs - is also slightly
changed but has no impact on the final result. As
observed in Fig. 7, this allows to improve the antenna
matching and tune the operational bandwidth BW .
For instance, at 2.4 GHz, the value of the reflection
coefficient goes from -8.7 dB to -13.2 dB by just
selecting Rs=51 Ω/ or Rs=31 Ω/ respectively, see
Fig. 8. This effect is also reproduced for the 3.6 GHz
and 5 GHz frequencies. The operational bandwidth
can be tuned from a maximum all the way down to 0
MHz, which means not having the condition S11 ≤10
dB, by again selecting a proper Rs. This might help to
(a)
(b)
Fig. 7: Reflection coefficient for the WIFI antenna with
variable BW for the (a) ON state and (b) OFF state.
reduce the complexity of the antenna matching network
in future reconfigurable antennas made partially of
graphene. The resulting antenna efficiencies are close
to each other, however, the best efficiencies are again
found when both RsON and RsOFF are minimum and
maximum respectively.
2) TUNABLE RESONANT FREQUENCY: Since in-
termediate values of the graphene surface impedance
between ZsON and ZsOFF can be selected, it is theoret-
ically possible to select any resonant frequency between
the two edge frequencies limited by these values. To
show an example of this, Fig. 9 shows the reflection
coefficient of the WIFI antenna design, Fig. 2a, for four
different values of Rs. Both extension lengths have been
shrunk to Lleft=Lright=3 mm to keep a good matching
of the antenna over the range of operating frequencies.
In this case, the four different values of Rs provide four
different resonant frequencies, see Fig. 10. Interestingly,
the antenna efficiency ηt for the two extreme values
Rs=70 Ω/ and Rs=2580 Ω/ are now better than
the ones obtained in the WIFI scenario for RsON=34
Ω/ and RsOFF=2580 Ω/, see section V-A. Clearly,
shorter graphene extensions cause less ohmic losses
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(a)
(b)
Fig. 8: Bandwidth and antenna efficiency variation for
different values of Rs at a) 2.4 GHz and b) 3.6 GHz
and 5 GHz.
but smaller changes in the resonant frequencies since
now the lower resonant frequency is 3 GHz instead of
2.4 GHz. For the intermediate resonant frequencies, the
antenna efficiencies are worse compared to the two edge
frequencies. The cause is that as more and more current
is allowed to propagate to the extensions (by reducing
the Rs), the current is being substantially attenuated due
to large values of Rs. The ability to select any resonant
frequency within a specific range might prove very useful
in wearable applications, where streching and bending
affects the resonant frequency of the antenna among
other parameters.
B. LTE SCENARIO
The second design, Fig. 2b, covers four bands of LTE
(1.8 GHz, 2.1 GHz, 2.6 GHz and 3.6 GHz) by switching
ON and OFF different graphene strips. This scenario also
uses the TM110 mode for radiating. The values of ZsON
and ZsOFF are assigned from the Set 2 in Table II. See
Table IV for the structure dimensions.
Fig. 11 provides the S11 parameters for the LTE
scenario. When all four graphene strips are activated,
Fig. 9: Reflection coefficient for the WIFI design with
intermediate Rs values selected.
Fig. 10: Resonant frequency and antenna efficiency vari-
ation as Rs changes.
Fig. 11: Reflection coefficient for the LTE design with all
strips activated (solid line), all strips deactivated (dashed
line), and with strips 2 and 4 deactivated and strips 1 and
3 activated (dotted line).
the antenna operates efficiently at 2.1 GHz and 3.6
GHz. Conversely, when all four strips are deactivated,
the antenna switches now to 1.8 GHz operation. Finally,
when strips 2 and 4 are OFF and strips 1 and 3 are
ON, the antenna achieves good matching at 2.6 GHz.
Ideally, the antenna should switch between the four
9
TABLE IV: Set up parameters for LTE scenario, see Fig. 2b
Lmain
[mm]
W
[mm]
L1
[mm]
W1
[mm]
L2
[mm]
W2
[mm]
L3
[mm]
W3
[mm]
L4
[mm]
W4
[mm]
D1
[mm]
D2
[mm]
X
[mm]
Y
[mm]
39 22 2 8.5 11 2 2 8.5 11 2 23.5 10 12.5 1
(a)
(b)
Fig. 12: Surface current density in the LTE antenna at
(a) 2.6 GHz and (b) 3.6 GHz.
desired bands by switching ON or OFF all four strips
at the same time. Unfortunately, when the four strips
are deactivated the secondary frequency is found to be
slightly over 2.6 GHz. This is because deactivating strips
1 and 3 affects the resonance at 2.6 GHz.
The surface current densities have been simulated to
show the effect of the graphene strips on the behaviour
of the antenna. Fig. 12 shows the current distributions
along the main patch and the graphene strips at 2.6
GHz and 3.6 GHz, where graphene strips 2 and 4 (Fig.
2b) are activated and deactivated. When the graphene
strips are set to the ON state, Fig. 12b, the current is
allowed to propagate through the strips. However, when
(a) E plane (y-z plane) (b) H plane (x-z plane)
(c) E plane (y-z plane) (d) H plane (x-z plane)
Fig. 13: Radiation patterns of the LTE antenna at (a)-(b)
2.6 GHz and (c)-(d) 3.6 GHz.
the graphene strips are set to the OFF state, Fig. 12a, the
currents are not allowed to propagate through the strips
but are diverted around them. That makes the currents
travel longer paths and therefore the antenna resonance
is found at a lower frequency. Similar behaviour is found
at 1.8 GHz and 2.1 GHz.
Fig. 13 shows the radiation patterns at 2.6 GHz and 3.6
GHz, where again graphene strips 2 and 4 are activated
and deactivated. The resulting radiation patterns are
again similar in shape and close to a typical square patch
antenna, as previously observed in the WIFI scenario.
Thus, the addition of the graphene strips seems to not
strongly affect the shape of the radiation pattern. The
radiation patterns for the remaining resonant frequencies,
1.8 GHz and 2.1 GHz, are very similar to the ones at
2.6 GHz and 3.6 GHz and therefore are not shown here.
The resulting antenna gains are -1.6 dB, -0.7 dB, -3.3
dB and 3.9 dB at 1.8 GHz, 2.1 GHz, 2.6 GHz and 3.6
GHz respectively.
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Fig. 14: Antenna efficiencies of the LTE design.
The efficiency results obtained are shown in Fig. 14.
The worst efficiency is found at 2.6 GHz due to a large
change of frequency being forced - from 3.6 GHz to 2.6
GHz.
1) INDIVIDUAL GRAPHENE STRIP SWITCHING:
In the LTE design, in order to change the resonant
frequencies, pairs of strips are accordingly switched ON
and OFF. However, it could be possible to individually
activated or deactivate any of strips independently and
hence achieve intermediate resonant frequencies. Fig. 15
presents the results for individually switching graphene
strips 1 and 3, where the widths of strips 1 and 3 were
changed from W1=W3=8.5 mm to W1=9.5 mm and
W3=7.5 mm. As shown, if both graphene strips are on
the ON state, the antenna is radiating at 2.1 GHz, as in
the previous LTE configuration. But, if strip 1 is now
individually changed to the OFF state while strip 3 is
kept on the ON state, the resonance changes to 1.92
GHz. On the contrary, if strip 3 is the one changed
to the OFF state and the strip 1 is kept on the ON
state, the obtained resonant frequency is now 2.01 GHz.
Finally, if both are switched to the OFF state, then the
antenna resonates to 1.8 GHz as in the previous scenario.
The efficiencies for the two extra resonant frequencies
achieved here - 1.92 GHz and 2.01 GHz - are found to
be 11% and 15.5% respectively, in the same order as for
1.8 GHz. Therefore, frequency reconfigurable antennas
made partially of graphene extensions/strips could pro-
vide as many resonant frequencies as combinations of
activating/deactivating graphene sheets without causing
a drop in the the antenna efficiency.
C. PERFORMANCE COMPARISON
Here, the results obtained from the proposed WIFI
and LTE antennas are compared to some other planar
frequency reconfigurable antennas found in the litera-
ture. In [2], an anular slot antenna is configured to
Fig. 15: Reflection coefficient for the LTE design with
strips 1 and 3 activated (dotted line), strip 1 deactivated
and strip 3 activated (dashed line), strip 2 deactivated
and 1 activated (solid line) and strip 1 and 3 deactivated
(double solid line).
switch between two operating frequencies by integrating
MEMS. In [6], a planar inverted-F antenna (PIFA) covers
some commercial mobile phone bands by implementing
multiple PIN-diodes. In [8], a patch antenna with a
varactor loaded slot can operate at any frequency within
a specific range by applying different DC voltages. Table
V summarizes the comparison.
As observed from Table V, the antenna efficiencies ob-
tained when using graphene are lower compared to any
of the other switching technologies in the low and high
limits. This is expected as graphene is still a material
under development. On the other hand, the voltage re-
quired to switch between ON and OFF states in graphene
is within the values required for the other switching
technologies to switch between states. Moreover, the
negligible static power drained by graphene is the lowest
of all. However, when graphene is switched between
the ON and OFF states, there is a short burst of peak
power consumed in the bias circuit. This is explained in
more detail in Section V-D. Note that no data was found
for MEMS used in [2]. However, MEMS switches can
provide very low power consumption similar to graphene
[10].
Graphene is used here as part of the radiating structure
which does not add extra weight or space. However, in
the other papers, the RF switches are elements added
to the structure that do not contribute to radiation and
increase the weight and volume of the antenna. As
shown in this section, implementing graphene in an-
tennas can provide the ON/OFF behaviour similar to
MEMS and PIN-diode switches. In addition, it provides
the continous frequency selection found in antennas
loaded with varactors with the extra feature of bandwidth
selection. Therefore, using graphene converges multiple
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TABLE V: Comparison of different reconfigurable antennas
Reference Technology Frequencies Covered Antenna Efficiency Voltage bias Power drain
This work
WIFI design Graphene 2.4GHz, 3.6GHz and 5GHz
9.4%(D=18eV)
35%(D=4eV)
to 68%
22.7V 0W
This work
LTE design Graphene 1.8GHz, 2.1GHz, 2.6GHz and 3.6GHz 10% to 46.8% 22.7V 0W
[2] MEMS 2.4GHz and 5.2GHz 90% to 92% 20V -
[6] PIN-diode 0.7GHz, 0.85/0.9GHz, 1.8/1.9GHz and 2.3/2.5GHz 52.1% to 85.4% 0.75V 2.25mW
[8] Varactor continuous from 3.24GHz to 4.35GHz 38% to 90% 30V 250mW
modes of operation into a single solution. Additionally,
substituting some metallic parts of the structure with
graphene would allow for reconfigurable antennas where
transparency and/or flexibility is desired. The remaining
metallic part would also require to be a transparent
and/or flexible low resistive conductor such as trans-
parent thin films, eTextiles or conductive inks. Finally,
graphene can easily operate at mm-wave and THz regime
[14]–[21], [24] where conventional switches will per-
form poorly or even not work at all. For instance, realis-
tic cutoff frequencies (figure-of-merit/10) for FET-based,
PIN-diode/varactors and MEMS are around 40GHz,
190GHz and 900GHz respectively [10].
D. SWITCHING POWER CONSUMPTION
Table VI and VII provide the peak power consumed
(Ppeak) for all the scenarios evaluated in this paper when
switching from one operating frequency to another due
to the change of required values of charge carrier density
n. For example, when switching between 2.4 GHz and
3.6 GHz in the WIFI design as the graphene extensions
are activated or deactivated respectively. It is important
to highlight here that the power consumption happens
during a very short period of time - t  switching time
- and quickly drops to zero. So in normal use, hybrid
metal-graphene reconfigurable antennas have very low
power consumption. The total power shown is calculated
by using equation (10) where the dielectric thickness d,
the relative permittivity  and the time constant τRC are
set using the values in Table I. Specific values such as
the charge carrier density n and the physical area of
graphene A are extracted from Tables II, III and IV.
Note that, in the evaluated scenarios there are from two
to four graphene sheets being fed and the total power
consumed is the addition of the power consumed by each
individual sheet as it switches ON or OFF.
From Table VI and VII it is observed that the peak
power consumption substantially decreases as the phys-
ical dimensions of the graphene sheets reduce. For
example, when the area of the extensions of the WIFI
design is reduced from 180.8 mm2 to 88.2 mm2, or
when only strips 1 and 3 are turned ON - total area
TABLE VI: Ppeak values for WIFI based designs
WIFI (Section V-A)
n
[m−2]
A
[mm2]
Ppeak
[mW]
ZsON= 34+j0.3 [Ω/] 5·1017 180.8 330.6
ZsON= 6+j0.3 [Ω/] 5·1017 180.8 330.6
Tunable BW and
S11 (Section V-A1)
n
[m−2]
A
[mm2]
Ppeak
[mW]
RsON= 34 [Ω/] 5·1017 180.8 330.6
RsON= 42 [Ω/] 1.8·1017 180.8 42.8
RsON= 51 [Ω/] 1.05·1017 180.8 14.6
Tunable fresonant
(section V-A2)
n
[m−2]
A
[mm2]
Ppeak
[mW]
RsON= 70 [Ω/] 5.7·1016 88.2 2.1
RsON= 300 [Ω/] 8.5·1015 88.2 0.0466
RsON= 600 [Ω/] 3.9·1015 88.2 0.0098
of 34 mm2 - instead of all the strips ON - total area 78
mm2 - in the LTE design, the value of Ppeak is reduced.
This is another reason for implementing graphene in
hybrid metal-graphene antennas instead of full graphene
antennas. Likewise, low values of charge carrier density
n also help to reduce the power consumed. Interesting
results are obtained for the tunable resonant frequency
scenario in Table VI (Subsection V-A2) where very low
peak power consumptions are obtained - 2.1 mW, 46.6
µW and 9.8 µW - for changes in the resonant frequency
of up to 650 MHz. Likewise, relaxing the values for the
ON state surface impedance (ZsON ) seems to be also
beneficial on the point of view of power consumption.
For example, in the tunable bandwidth and matching sce-
nario, selecting the RsON=51 Ω/ instead of RsON=34
Ω/ reduces the neccessary carrier density significantly
and hence the peak power consumption drops by more
than 20 times, from 330.6 mW to 14.6 mW.
It is also worth to analyse the impact of the defor-
mation potential D value in the power consumption.
As seen in the WIFI section, see section V-A, the
antenna efficiency can be greatly improved by assuming
ZsON=6+j0.3 Ω/ due to a much better achievable
deformation potential D=4 eV. However, if instead of
dropping the value of Zs so much, it is enough to have
ZsON=34+j0.3 (assuming that the antenna efficiency
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TABLE VII: Ppeak values for LTE based designs
LTE scenario (V-B)
n
[m−2]
A
[mm2]
Ppeak
[mW]
All ZsON= 34+j0.3 [Ω/] 5·1017 78 142.6
Strips 1-3 ZsON= 34+j0.3 [Ω/] 5·1017 34 62.2
Individual Strip V-B1)
n
[m−2]
A
[mm2]
Ppeak
[mW]
Strip 1 ZsON= 34+j0.3 [Ω/] 5·1017 19 34.7
Strip 3 ZsON= 34+j0.3 [Ω/] 5·1017 15 27.4
obtained is acceptable), then, the required charge carrier
density n to achieve that value would be n=7×1016
m−2 instead of n=5×1017 m−2 (an order of magnitude
lower). This reduction in the n would cause a reduction
of the peak power consumption from 330.6 mW to just
6.6 mW, a factor of 50 times less. As a result, there is
a trade off between in one hand a required antenna per-
formance, such as achievable frequency reconfigurability
and/or antenna efficiency; and on the other hand, the
allowed switching power consumption. It is possible to
greatly improve one aspect at the expense of increasing
the other.
VI. CONCLUSIONS
This paper has analysed the performance of using
graphene in frequency reconfigurable antennas in the mi-
crowave regime via the simulation of two hybrid metal-
graphene antennas for WIFI and LTE applications. Im-
plementing graphene as a material with tunable surface
impedance allowed large frequency reconfigurability -
up to 1.2 GHz change - with additional tunability of
the antenna matching - up to 20 dB improvement -
and bandwidth - up to 225 MHz increase. Although
very low power consumption is achieved during normal
operation, moderate values of the instantaneous peak
power (≤ 330.6 mW) are present during the switching
process which only occurs during very short time periods
(≤ 1.6 ms). The proposed antennas can achieve high
reconfigurability degree in terms of changing operational
frequency but at the expense of lower antenna efficien-
cies - between 9.4% and 68%. To mitigate this effect, the
losses due to the presence of graphene must be reduced
while still keeping the necessary reconfigurability. This
might drive to study other types of antennas where small
graphene sheets can be integrated without compromising
the antenna performance. To ultimately confirm the
feasibility of the proposed designs, prototypes should
be built and measured. Its physical study will include
effects not considered in this paper such as the contact
resistance, the possible parasitic effects of the DC bias
circuit (if needed) and the impact of adding the electric
field effect structure between the radiating patch and the
ground.
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